Interplay between magnetism and crystal volume in itinerant electron ferromagnets is reexamined paying particular attention on effects of spin fluctuations. By introducing Grüneisen parameters, magnetovolume properties are derived from the explicit volume dependence of the free energy. As the result, we have clarified the presence of new thermal expansions, giving rise to the enhanced T-linear coefficient of the thermal expansion coefficient at low temperatures around the magnetic instability point. We have also found that the magnetovolume coupling constant is temperature dependent and vanishes at the critical point. These results are compared with experiments.
Introduction
Thermodynamic properties of solid state materials are subject to their own characteristic energy scales. For their microscopic understanding it is therefore necessary to identify what kinds of excitations are actually involved in the phenomena. It is now well-established that collective magnetic excitations (i.e. spin fluctuations) do play predominant rolls on various magnetic properties of itinerant electron magnets. The magnetovolume effects have long attracted substantial interests from material scientists and engineers because of their potential technical applicability. Until around 1980 pressure effects of itinerant magnets were basically analysed by the following free energy expansion in powers of static uniform magnetization M, i.e.
FðM; T; !Þ
where coefficients a, b; Á Á Á, are determined by the single electron density of states around the Fermi energy. The volume strain is denoted by ! ¼ V=V. According to the Stoner-Edwards-Wohlfarth (SEW) theory, 1,2) the spontaneous magnetovolume striction is obtained by minimizing the free energy (1) with respect to the strain. The spontaneous volume expansion thus derived was later modified by Moriya and Usami 3) (MU) in the form,
where M 0 ðTÞ, C ¼ À½@aðT; !Þ=@!=2, and K are the spontaneous magnetic moment in the absence of the applied magnetic field, the magnetovolume coupling constant, and the compressibility, respectively. The second term proportional to the thermal spin fluctuation amplitude 2 ðTÞ represents an excess volume expansion due to deviations of moments, M q , from their thermal equilibriums. The forced magnetostriction
ðTÞ induced by the applied magnetic field has the same magnetovolume coupling constant. Although the result (2) looks reasonable at the first glance, we have to be aware that it is not derived from the explicit volume dependence of the spin fluctuation free energy. Actually there exist some inconsistencies between (2) and other thermodynamic properties. For instance, its temperature dependence is in contradiction to the enhanced T-linear coefficient of the magnetic specific heat at low temperatures observed in the vicinity of magnetic instability points. 4) It is worth noting that the thermal expansion that originates from lattice vibrations of crystals is given by the first order volume derivative of the elastic energy due to collective motions of deviations of atoms or ions in the crystal. From the volume dependence of the phonon frequency of s-th mode, qs , in the elastic free energy of the Debye model,
one can derive the well-known linear relation, lat ðTÞ ¼ lat Kc v ðTÞ, between the volume thermal expansion coefficient lat ðTÞ and the lattice specific heat c v ðTÞ per volume. The coefficient lat , known as the Grüneisen parameter, is defined by the logarithmic derivative of the Debye temperature Â D , i.e. lat ¼ À@ ln Â D =@!. The same idea should be equally applied to the case of spin fluctuation degrees of freedom. It is then preferable to explain magnetovolume properties by finding out the explicit volume dependence of the magnetic free energy. The purpose of this article is to present various consequences of a theoretical study along this line 5) and to make comparison of them with experiments in order to check their validity.
Magnetic Grü neisen Parameters
In a form similar to (3), the magnetic free energy due to collective spin fluctuation modes is written by 6) Materials
where N 0 and are the number of magnetic atoms in the crystal and the reduced magnetic moment M=N 0 B per atom. A squared local spin amplitude is denoted by a parameter S 2 loc . The first term represents the effect of collective magnetic excitations, corresponding to (3) for lattice vibrations. Because of damping processes inherent to metallic electrons, excitations have finite life times described by wave-vector dependent damping constants,
2 Þ, where 2 and 2 z denote inverses of spatial magnetic correlation lengths squared, perpendicular and parallel to the induced moment along the z-axis (suffices are suppress for perpendicular modes, for simplicity). For itinerant magnets, these are both proportional to inverses of respective static magnetic susceptibilities, H=M and @H=@M. The second and third terms are the correction necessary for the adiabatic local spin amplitude conservation. For instance, above T c it is given by
where nðÞ ¼ ½e =T À 1 À1 is the Bose factor. Parameters y and y z in (4), defined by 2 =q 2 B and 2 z =q 2 B (q B , the zone boundary wave-vector), stand for the dimension-less inverse magnetic susceptibilities.
Let us assume that y and y z always satisfy the stability conditions of the free energy (4) . Then what we need for the explicit volume dependence of the free energy is to introduce the following Grüneisen parameters,
in accordance with the usually definition, i.e. negative of the logarithmic derivatives of the characteristic energies of the system with respect to the strain. 
Volume Thermal Expansions
In place of (1) the volume thermal expansion is obtained by the minimum condition of the free energy,
where F m1 is the magnetic free energy from thermal spin fluctuations. Other remaining terms of F m are denoted by F m0 . The extremum condition of F with respect to ! leads to the thermal volume expansion,
Ferromagnets are generally characterized by their large magnetic susceptibilities, and hence small their inverses, y and y z . The !-linear coefficient of F m0 can be expanded in these parameters, as given by
Below T c in the absence of the applied field, the first term ! 0 ðTÞ of (7) is given by 
þ 3yð; TÞ, in the weak field limit. The slope y 1 ðTÞ of y against 2 has a meaning of the reduced fourth order expansion coefficient of the free energy (1) and is proportional to bðTÞ, i.e. y 1 ðTÞ / bðTÞ=T A . The magnetovolume coupling constant C s ðTÞ, defined by 2y 1 ðTÞC 0 ðtÞ, is therefore expressed in terms of our Grüneisen parameters. It becomes temperature dependent through parameters y 1 ðTÞ and 2 0 ðTÞ that appears in C 0 ðTÞ. From the temperature dependence of them, 8) we can show the following T 2 -linear deviation of C s ðTÞ at low temperatures.
The T-dependence of the forced magnetovolume coupling constants were observed for Ni-Pt alloys and Ni 3 Al by Kortekaas and Franse.
9) The proper T 2 -linear behaviors have to be confined within a very low temperature range for these compounds with small ratios T c =T 0 . 8) Therefore it is not so easy at present to make a quantitative comparison of the result with experiments. Because of the critical behavior of magnetic isotherms, the reduced fourth order expansion coefficient y 1 ðTÞ vanishes at T ¼ T c . As a consequence, the coupling constant C s ðTÞ also vanishes there in proportion to T À T c . From the ðT À T c Þ-linear dependence of C s ðTÞ and the squared spontaneous moment 2 0 ðTÞ, the volume thermal expansion coefficient ðTÞ becomes continuous at T ¼ T c , as observed in ZrZn 2 10) and TiBe 2Àx Cu x . 11) Both the SEW and the MU theories, on the other hand, predict the discontinuous change. In the paramagnetic phase, ! 0 ðTÞ is given by ! 0 ðTÞ ¼ 3KC 0 ðTÞyð0; TÞ; since y z ¼ y is satisfied. It gives the ðT À T c Þ-linear thermal expansion, reflecting the Curie-Weiss law behavior of the magnetic susceptibility.
On the other hand, the strain derivative of the second term gives the volume thermal expansion,
ÈðuÞ ¼ u½log u À 1=2u À ðuÞ;
where ðuÞ is the digamma function. It leads to the almost T 2 -linear temperature dependence. We show in Fig 
in the vicinity of magnetic instability point, s ( 1. The Tlinear coefficients of thermal expansion coefficients for Ni 3 Al and Pt-Ni alloys show upturns across the magnetic instability point from the paramagnetic to ferromagnetic phases. They are also suppressed by an applied magnetic field. 12) In spite of these observations, the presence of the T 2 -linear behavior has long been attributed to the electronic origin, since single electron excitations across the Fermi energy also gives the same T 2 -linear behavior. The above experiments clearly indicates that the term ! t ðTÞ is the origin of the T 2 -linear behavior.
Although our result (7) looks similar to (2), there exist substantial differences between them. For example, the magnetovolume coupling constant C s ðTÞ is smaller than the forced magnetovolume coupling constant by about 2=5. It comes from the y-and y z -linear expression of (8).
5) The temperature dependence of ! t ðTÞ is also different from that of 2 ðTÞ in (2). The linearity is satisfied between the thermal expansion coefficient derived from ! t ðTÞ and the enhanced T-linear magnetic specific heat at low temperatures.
Pressure Effects on T c and the Moment M
It is already shown that the following relation holds between the spontaneous moment M s ¼ M 0 ð0Þ at T ¼ 0 K and the Curie temperature T c ,
Note that spectral parameters T 0 and T A are volume-dependent in the present treatment. The linear relation of (11) has to be always satisfied adiabatically against the change of the crystal volume. The logarithmic derivatives of both sides with respect to ! gives
As a pressure effect, it is also written in the form, d ln T c dp
We have already shown that the pressure effect of M s is determined by the single Grüneisen parameter m . Therefore the pressure effects on T c and M s are determined by different sets of parameters. In usual analyses of pressure effect measurements of M s and T c , a linear relation of either
assumed, according to the MU or the SEW theories, respectively. We have now found that such a linearity between them does not hold generally. We can check the presence and the relative magnitudes of spectral Grüneisen parameters A and 0 . Observed pressure effects on M s and T c are shown in Table 1 with the weighted average, K 0;A Kð3 A þ 0 Þ=4, estimated from (13).
Conclusion
Spin fluctuation spectrum changes its spectral width under pressure. Its validity is clearly demonstrated by ratios shown in the last column of Table 1 . However, the effect has long been neglected in previous theoretical studies. By introducing the magnetic Grüneisen parameters, as strain derivatives of the logarithms of them, we have succeeded in deriving various new predictions on magnetovolume properties. Thermodynamic consistency of our treatment is ensured by the linear relation between the thermal expansion coefficient and the magnetic specific heat at low temperatures. The present study clearly suggests that the effects of spin fluctuations on the volume change of the crystal are different from what we have expected before. Considerable T 2 -linear thermal expansion coefficients now should be attributed to the magnetic origin. The magnetovolume coupling constant is temperature dependent due to spin fluctuations. The linear relation between pressure effects on T c and M s is also generally violated. To conclude magnetovolume properties of itinerant ferromagnets observed experimentally to date need to be reexamined in the light of these new results found by the explicit volume dependence of the magnetic free energy. 
